Cytophaga hutchinsonii, an aerobic soil bacterium which could degrade cellulose, produces yellow flexirubin pigments. In this study, fabZ, annotated as a putative β-hydroxyacyl-(acyl carrier protein) (ACP) dehydratase gene, was identified by insertional mutation and gene deletion as an essential gene for flexirubin pigment synthesis. The availability of a FabZ mutant that fails to produce flexirubin allowed us to investigate the biological role of the pigment in C. hutchinsonii. Loss of flexirubin made the FabZ mutant more sensitive to UV radiation, oxidative stress and alkaline stress than the wild type.
INTRODUCTION
Since the first report of flexirubin (Fig. 1A) in Chitinophaga filiformis (Achenbach 1974) , flexirubin pigments have been used as chemotaxonomic markers for bacteroides. Similar pigments were subsequently identified in many other bacteria such as Cytophaga sp., Sporocytophaga sp. and Chryseobacterium sp. (Achenbach 1974 (Achenbach , 1978 Venil et al. 2014) . Their conserved structure is a ω-(4-hydroxyphenyl)-polyene carboxylic acid, which is esterified with 2, 5-dialkylresorcinol (DAR). The light-absorbing conjugated double bonds in flexirubin provide the characteristic yellow color of the strains. The hydroxyphenyl in the chromophore makes the flexirubin pigments yellow under neutral pH and turns to be red under alkaline conditions, which makes flexirubin different from other pigments (Fautz and Reichenbach 1980) . The synthesis of DAR was studied in Pseudomonas aurantiaca, where it was shown that DAR was formed from two fatty acid derivatives in a novel head-to-head condensation strategy (Nowak-Thompson et al. 2003) . Genomic evidence suggests that Cytophaga hutchinsonii might have a similar pathway for DAR synthesis. The initial steps in flexirubin polyene biosynthesis were studied in Ch. pinensis (Schöner et al. 2014) . Histidine ammonialyases catalyze the deamination of L-tyrosine to 4 E-cinnamic acid, which is then activated for adenylylation through acyl-CoA ligase. The generated 4-Coumaroyl-CoA might be used in the biosynthesis of the polyene by a fatty acid-like synthesis pathway. However, the enzymes and their functions in this fatty acidlike synthesis pathway have not been studied.
In this study, transposon HimarEm3 was used to isolate a pigment-deficient mutant. The transposon mutant B-1, with an (B) Analysis of the wild-type, B-1 mutant, complemented strain and fabZ mutants for flexirubin pigment. Cells were grown in PY6 agar medium, and the same samples were photographed before treatment (unlabeled), after exposure to 0.1M NaOH (+ NaOH), and after exposure to NaOH followed by exposure to 0.1M HCl(+ HCl + NaOH). Flexirubin-positive cells were yellow at neutral pH and red under alkaline conditions, whereas the B-1mutant was cream under both conditions. (C) Thin-layer chromatographic analysis of the pigment of the wildtype strain and the B-1 mutant. The same samples were photographed before treatment (unlabeled), after exposure to 0.1M NaOH (+ NaOH), and after exposure to NaOH followed by exposure to 0.1M HCl(+ HCl + NaOH). Lines 1, 3 and 5, pigments of the wild-type strain; lines 2, 4 and 6, pigments of the B-1 mutant. The retention factor (Rf) value of flexirubin in the TLC was 0.72 under our experimental condition.
insertional mutation in fabZ, was identified and proved to be essential for flexirubin synthesis. The biological roles of flexirubin in resisting oxidative stress, UV damage and alkaline stress were investigated in C. hutchinsonii.
MATERIALS AND METHODS
Cytophaga hutchinsonii ATCC 33406 was kindly provided by Mark J. McBride and all the C. hutchinsonii strains were grown in PY6 medium with 0.4% (wt/vol) glucose at 30
• C (Ji et al. 2013) . Escherichia coli strains were grown in Luria-Bertani medium at 37
Antibiotics were used at the following concentrations: ampicillin (Ap), 100 μg mL −1 ; chloramphenicol (Cm), 10 μg mL −1 ; erythromycin (Em), 30 μg mL −1 . The strains and plasmids used are listed in Table S1 (Supporting Information). The primers used are listed in Table S2 (Supporting Information).
Identification of a transposon mutant deficient in pigment production
The wild-type (WT) strain was mutated by transposon insertion mutation using the HimarEm3 transposon ).
Transformants were plated on PY6 agar medium containing erythromycin. A cream-colored colony was selected for further study. The genomic DNA of the mutant was extracted and digested with HindIII. Fragments were self-ligated, forming circular molecules by ligase (Takara). The pHimarEm3-specific primers F100 and F521 were used to amplify the sequences nearby the insertion site.
Reverse transcription-PCR (RT-PCR) analysis
Total RNA was isolated using a bacterial RNA kit (Omega, GA, USA) from 3 mL of cultures. Elimination of the residual DNA and synthesis of cDNA were performed with a PrimeScript RT reagent kit and a genomic DNA Eraser (TaKaRa, Dalian, China). Then cDNA was used as template for PCR amplification.
Complementation of mutant B-1
The replicative plasmid pCH was used to complement the mutant. Plasmid pCHfabZ was constructed with fabZ under the control of a constitutive promoter CHU 1284 . A 408-bp fragment spanning fabZ was amplified with primers C2110-F and C2110-R. Then the fragment was digested with NdeI and SalI, and ligated into plasmid pCH. Plasmid pCHfabZ was introduced into B-1 mutant cells by electroporation, and the transformants were selected by chloramphenicol resistance. The complemented strain (CfabZ) was screened by using primers C2110-F/C2110-R.
Construction of the fabZ deletion mutants
The fabZ gene was deleted by a homologous recombination method as described by Bai et al. (2017) . Briefly, 2 kb fragments of the upstream and downstream of the fabZ gene were amplified by PCR and ligated into the pSJHS plasmid to construct disruption vector. The gene-targeting cassette was amplified by PCR. Then about 1.5 μg of the product was electroporated into 100 μL of competent cells and grown on PY6 agar medium containing erythromycin at 30 • C.
Pigment extraction and thin-layer chromatography analysis
The culture broth (10 mL) was centrifuged at 7000 rpm for 5 min.
Cell pellet was washed once in distilled H 2 O and was shaken at 40
• C for 30 min with 1 mL of acetone. The supernatant containing pigments was collected after centrifugation. The pigments were separated on a TLC Silica gel 60 F254 aluminum sheet (Merck KGaA, Darmstadt, Germany) with the solvent mixture toluene/petroleum ether (b.p. 60-80
• C)/acetone = 25: 25: 16 (Fautz and Reichenbach 1980) .
Growth curve analyses
The growth curves of the WT strain and the B-1 mutant were recorded with a Bioscreen C analyzer (Oy growth curves Ab Ltd, Finland). Cytophaga hutchinsonii strains were pre-activated in PY6 medium. Three per cent of (vol/vol) cells were inoculated into 200 μL of PY6 medium in a sample plate. Before inoculation, the media were adjusted by NaOH and HCL to pH 5.0, 6.0, 7.0, 8.0 or 9.0. Cells were incubated under medium shaking speed at 30
• C, and the growth was recorded by the optical density at 600 nm every 3 h.
Disk diffusion susceptibility test
Cells were cultured in PY6 medium to mid-exponential phase and adjusted to an OD 600 of 1.0, and then 50 μL of the resuspension was evenly spread over the entire surface of PY6 agar plates. A 6-mm paper disk was placed on the plate and further prepared by adding 5 μL of antimicrobial solution. Plates were incubated for 3 days at 30
• C, and the inhibition zone diameters were determined. The agents tested were sodium dodecyl sulfate (10%), crystal violet (1%), hydrogen peroxide (2%), dithiothreitol (2 mM) and toluidine blue (10 mM). The toluidine blue plates were placed under tungsten light.
UV sensitivity assay, using a colony counting test
Sensitivity to UV radiation (UVR) was detected as described by Mohammadi, Burbank and Roper (2012) . Briefly, cells were cultured in PY6 medium to mid-exponential phase, and 10 mL cells were placed in a 90-mm plate. The plate was placed under a UV transilluminator and exposed to near-UV (320-400 nm) for 10 or 30 s. Cells were then serially diluted to a 10 −4 or 10 −5 dilution. Fifty microliters of diluted bacteria were spread on PY6 agar plate. Unexposed cells were used as negative controls.
RESULTS

Identification of the pigment-deficient mutant of Cytophaga hutchinsonii
Cytophaga hutchinsonii was mutated with transposon HimarEm3. A transposon mutant, named B-1, which had no obvious pigment, was isolated and further studied. The insertion site of HimarEm3 in B-1 mutant was detected by inverse PCR, and resulted to be in gene CHU 2110 (gene symbol: fabZ) of C. hutchinsonii. The coding area of fabZ gene has 372 nucleotides and encodes a putative (3R)-hydroxymyristoyl-ACP dehydratase (NCBI accession number YP 678715).
Complementation of the B-1 mutant and deletion of fabZ
In the genome of C. hutchinsonii, CHU 2110 is arranged in the same direction with its adjacent genes ( Fig. 2A) . Transcription of the surrounding genes was detected by RT-PCR. The amplicons corresponding to CHU 2109 and CHU 2111 appeared in the WT strain and B-1 mutant, while the CHU 2110 amplicon could only be detected in the WT strain (Fig. 2B ). This result indicated that the transposon insertion in CHU 2110 had no significant effect on the transcription of its adjacent genes. Plasmid pCHfabZ, which was constructed with fabZ under the control of a constitutive promoter P1284, was introduced into B-1 mutant cells by electroporation. After 10 days of incubation, chloramphenicol-resistant transformants were picked out and detected by PCR (Fig. S1A, Supporting Information) . The complemented strain restored the pigment synthesis ability (Fig. 1B) .
In order to detect the function of fabZ in flexirubin synthesis, fabZ was deleted by double-crossover recombination (Fig. S1B) . As shown in Fig. 1B , fabZ was defected in flexirubin synthesis. All the above results indicated that the defect of pigment synthesis in B-1 mutant was caused by the mutation in fabZ and FabZ is essential in flexirubin synthesis.
Analysis of gene clusters for flexirubin and DAR synthesis
fabZ is located in a gene cluster which contains 20 genes ( Fig. 3A and Tables S3, Supporting Information). STRING analysis (Franceschini et al. 2013 ) revealed a homologous flexirubin synthesis gene cluster in Ch. pinensis. Within these two gene clusters, several genes are highly conserved. There were several putative dehydratases, β-ketoacyl synthases, thioesterases and reductases encoded in the gene cluster, suggesting that polyene moiety might be synthesized through a type II fatty acid synthase-liked pathway.
Pigment extraction and detection assays
As shown in Fig. 1B , the B-1 mutant cells were cream in color, while the WT strain cells were yellow at neutral condition and orange red at alkaline condition (Fig. 1B) . Pigments from both the WT strain and the B-1 mutant were extracted and separated on TLC silica gel. As shown in Fig. 1C , the extracted WT strain sample had an apparent yellow band at neutral pH and orange red at alkaline condition, which are the unique features of flexirubin (Fautz and Reichenbach 1980) . These results indicated that the main component of the pigments in C. hutchinsonii was flexirubin. There was almost no pigment in the B-1 mutant. 
Growth properties of the B-1 mutant under acid or alkaline conditions
Cytophaga hutchinsonii could grow in the range of pH 5.5-9.0 in PY6 liquid medium (Fig. 4) . In the range of pH 5.5-8.0, the B-1 mutant had a higher cell concentration and shorter lag phase than the WT strain. This result indicated that the defect in flexirubin synthesis is favorable for cell growth. With an increase of pH value to 8.5, the advantage in growth of the B-1 mutant gradually disappeared. The B-1 mutant could hardly grow at pH 9.0, while the WT strain still maintained 60% of the cell density compared with growth at pH 7.0. This result indicated that flexirubin might be of benefit for cells to survive in alkaline condition.
Resistance of the B-1 mutant to different chemicals and UVR
Flexirubin has been shown to be located in the outer membrane of the bacteria (Irschik and Reichenbach 1978) , so the membrane permeability and the oxidant-reductant sensitivity of the B-1 mutant were detected. As shown in Table 1 , the B-1 mutant and the WT strain had similar inhibition zone diameters on sodium dodecyl sulfate, crystal violet, rifampicin and dithiothreitol agents. These results indicated that lack of flexirubin did not change the membrane permeability of C. hutchinsonii. Also, the sensitivity of the B-1 mutant to the reducing agent did not change. But the B-1 mutant was more sensitive to the oxidants. The inhibition zone diameter of the WT strain and the B-1 mutant on hydrogen peroxide were 40 and 56 mm, respectively. Toluidine blue generates singlet oxygen ( 1 O 2 ) under the irradiation of tungsten light (Ito 1977; Mohammadi, Burbank and Roper 2012) . The inhibition zone diameter of the WT strain and the B-1 mutant were 32 mm and 39 mm on Toluidine blue under tungsten light, respectively. To investigate the possible role of flexirubin under UV stress, the bacteria survival conditions after UV irradiation were studied. As shown in Table 2 , the UV resistance ability of the B-1 mutant was clearly lower than the WT strain. When cells were diluted 10 4 times, the survival rates of the WT were 41.0% and 25.0% after UV irradiation for 10 and 30 s, respectively, while that of the B-1 mutant were 28.0% and 15.6%, respectively. When cells were diluted -10 5 times, the survival rate of the B-1 mutant was also much lower than that of WT. This result indicated that the flexirubin pigment plays important roles in resistance to UV damage.
DISCUSSION
Pigments are important secondary metabolites, and they widely exist in microorganisms, plants and animals (Avalos and Carmen Limón 2015) . It has been found that pigments, such as xanthomonadins and carotenoids, can protect microorganisms against photooxidative damage and oxidative stress (Poplawsky, Urban and Chun 2000; Moliné et al. 2010; Zhu et al. 2010) . Reactive oxygen species (ROS) damage cellular membranes, proteins and DNA. Microorganisms produce ROS-detoxifying enzymes such as alkyl hydroperoxidases and catalases, which could help them to cope with oxidative stress (Storz and Imlayt 1999) . Pigments are also important antioxidant agents synthesized by microorganisms (Krinsky 1989; Stahl and Sies 2003; Avalos and Carmen Limón 2015) . UVR could lead to DNA damage in living organisms (De Fabo 2005; Moliné et al. 2010) . Organisms can cope with UVR damage by synthesis of UVR sunscreen pigments, such as carotenoids (Ramadan-Talib and Prebble 1978; Moliné et al. 2009 ). Carotenoids are terpenoid pigments and their conjugated double bonds in polyene chain provide chemical reactivity against free radicals and oxidizing agents. This reactivity makes carotenoids effective in removing the free radicals and single molecule oxygen, and enables them to dissipate energy from photo sensitizers (Britton 1995; Stahl and Sies 2005; Avalos and Carmen Limón 2015) . Flexirubin belongs to aryl polyene (ARE) type pigments, and ARE pigments are similar to carotenoids in structure with respect to the polyene chains. The ARE pigment xanthomonadin and xanthomonadin-like pigment offer protection against photodamage (Rajagopal et al. 1997; Wang et al. 2013) . Schöner et al. (2016) found that ARE pigment arcuflavin could protect cells from oxidative pressure. Venil et al. (2016) found that ARE pigment flexirubin had antioxidant activity. In this study, we found that flexirubin could protect C. hutchinsonii against oxidative stress and UV stress, which is similar to other pigments. The conjugated double bonds in flexirubin might provide chemical reactivity against oxidizing agents and free radicals. Moreover, the flexirubin of C. hutchinsonii could protect cells against alkaline stress. This effect has not been reported with other pigments. The conserved structure of flexirubin is a ω-(4-hydroxyphenyl)-polyene carboxylic acid, which is esterified with a 2, 5-dialkylresorcinol. The DAR moiety is condensed from two fatty acids by DAR enzymes. In Flavobacterium johnsoniae UW101, mutation one of these dar genes darB (Fjoh 1102) leads to defective flexirubin synthesis (McBride et al. 2009) . darB was located in the flexirubin synthesis gene cluster of F. johnsoniae, and a flexirubin-deficient mutant was complemented by additional expression part of this cluster (Fjoh 1078 to Fjoh 1089) (McBride et al. 2009 ). The synthesis mechanism of polyene moiety is still not well studied. Schöner et al. (2014) elucidated the initial steps in polyene biosynthesis and they speculated that the polyene chain might be generated by a fatty acid-like synthesis pathway. The 4-Coumaroyl-CoA generated from tyrosine might be a precursor for a polyene chain elongation cycle, in which 4-Coumaroyl-CoA is esterified with ACP by β-ketoacyl synthases. Then the products would be reduced by ketoreductase, followed by generation of a double bond by a dehydratase. In each cycle, a double bond would be introduced into the polyene.
In this study, we found that deletion of fabZ in C. hutchinsonii made it deficient in flexirubin synthesis. fabZ is located in the putative aryl-polyene synthesis cluster of C. hutchinsonii, and it was also found in the flexirubin synthesis gene clusters of two other reported flexirubin synthesis bacteria Ch. pinensis (cpin 1871) and F. johnsoniae (fjoh 1081). The putative enzyme FabZ (β-hydroxyacyl-ACP dehydratase) generally works in the elongation cycle of type II fatty acid biosynthesis, which creates a double bond in each cycle. There are six to eight double bonds in the polyene chain of flexirubin. In this work, we found that fabZ plays an important role in flexirubin synthesis, and we speculated that FabZ might take part in double bond synthesis process in the polyene chain elongation cycle.
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